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Abstract
Single crystals of a new organic–inorganic compound  (C10H10N2)  CdCl4 were grown by the slow evaporation technique 
and characterized by X-ray diffraction, Hirshfeld surface, Infrared absorption, Solid state 13C NMR, photoluminescence 
(PL) properties, differential scanning calorimetry (DSC) and dielectric measurements. The title compound belongs to the 
monoclinic space group  P21/c with the following unit cell parameters: a = 7.29420(1), b = 13.9206(3), c = 14.3880(3) Å, 
β = 100.247(2)° and Z = 4. The structure can be described by the alternation of two different cationic-anionic layers. It con-
sists of isolated  [CdCl4]2− tetrahedral anions and 2.2′ bipyridinium  (C10H10N2)2+ cations, which are connected via N–H⋯Cl 
hydrogen bonds. The Hirshfeld surface analysis was conducted to investigate intermolecular interactions and associated 2D 
fingerprint plots, revealing the relative contribution of these interactions in the crystal structure quantitatively. Furthermore, 
the room temperature infrared (IR) spectrum of the title compound was recorded and analyzed on the basis of detailed 
vibrational studies found in the literature; the detailed assignment confirms the presence of the organic groups. Solid state 
13C NMR spectrum shows four signals, confirming the solid state structure determined by X-ray diffraction. Besides, photo-
luminescence measurements showed a strong emission line at 2.95 eV associated with radiative recombinations of excitons 
confined within the  [CdCl4]2− which were investigated at room temperature. Finally, the thermal analysis studies were per-
formed, and phase transition was found in the temperature range between 300 and 550 K, while the electrical measurements 
were performed to discuss the phase-transition mechanism.

1 Introduction

The field of crystal engineering of new organic–inorganic 
architectures has gradually outlined the promising perspec-
tive to attain the purposive design and synthesis of a novel 
quality of non-linear optical (NLO) hybrid materials with 
interesting electronic properties [1–3]. Organic–inorganic 
hybrid compound based on metal halide units have received 

increasing attention in recent research, particularly because 
of their ability to combine the specific properties of inor-
ganic frameworks (such as band gap tunability, good electri-
cal mobility, mechanical and thermal stability, and dielectric 
or magnetic transitions) and the features of organic mol-
ecules (such as plastic mechanical property, structural diver-
sity, ease of processing and efficient luminescence) includ-
ing the formation of weak interactions [4–18]. Indeed, they 
present interesting properties due to their unusual topologi-
cal properties, excellent magnetic, luminescence, catalytic, 
electrical and ferroelectric properties [19–23]. In the case 
of cadmate halide systems, some interest has been directed 
towards halocadmate (II) compound in combination with 
organic cations, due to their specific physical and chemi-
cal properties, [24–27]. In fact, they can occur as simple 
tetrahedral anions  [CdCl4]2− or form the backbone of chain 
polymers. This is due to the fact that the  Cd2+ configuration, 
exhibits a variety of coordination numbers and geometries, 
depending on crystal packing and ligands.
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The 2.2′-bipyridine has got good non-linear optical 
(NLO) properties in recent years with respect to their future 
potential applications in the field of optoelectronic such as 
optical communication, optical computing, optical switch-
ing and dynamic image processing [28]. However, in con-
junction with some current researches on these metal halide 
compounds, the crystal structure and physical properties of 
many organic–inorganic materials have been investigated 
[29–31].

Within this context, we report here the synthesis of a 
new organic–inorganic compound,  (C10H10N2)  CdCl4 as 
well as the chemical preparation and structural study. Here, 
we performed X-ray diffraction measurements to determine 
the complete crystal structure. This structural study was 
accompanied with an insight into Hirshfeld surface analysis, 
X-ray powder, Scanning electron microscopy (SEM), Trans-
mission electron microscopy (TEM), Infrared (IR) spectros-
copy, Solid-state Cross-Polarization Magic Angle Spinning 
Carbon-13 Nuclear Magnetic Resonance CP/MAS-NMR 
measurements as well as photoluminescence and dielectric 
analyses.

2  Experimental

2.1  Chemical preparation

The  (C10H10N2)  CdCl4 compound was synthesized by dis-
solving 0.156 g of 2.2′-bipyridine in a Hydrochloric Acid 
(HCl) solution (37%) and 0.183 of Cadmium Chloride 
 (CdCl2) in water with a molar ratio of 1:1 then stirred for 
5 min. The resulting aqueous solution was evaporated at 
room temperature, which finally led to the growth of needle 
crystals within 2 weeks.

2.2  Crystal chemistry

The chemical analysis of cadmium and chloride atoms was 
performed in order to confirm the formula determined by the 
structural refinement [32]. Density was measured at room 
temperature by flotation in  CCl4. The value of the density 
measured (Dm = 1.892 (5) g cm−3) was very close to that 
calculated (Dx = 1.905 g cm−3).

2.3  Investigation techniques

The characterization of the investigated compound was 
performed using X-ray diffraction (XRD), Scanning elec-
tron microscopy (SEM), Transmission electron microscopy 
(TEM), Energy-dispersive X-ray spectroscopy (EDX), Spec-
troscopic measurements as well as photoluminescence and 
dielectric properties.

2.3.1  Single-crystal X-ray diffraction

The diffraction data from a selected single crystal was col-
lected at room temperature on Oxford Diffraction Xcalibur 
Gemini S diffractometer equipped with Mo Kα radiation 
(0.71073 Å) at 298(2) K. The data were processed with 
CrysAlis software and lattice parameters were refined from 
the setting angles of 158 reflections in the 2.8 < θ < 31.5 
range. The empirical absorption corrections were based on a 
multi-scan. A total of 21,567 reflections was collected using 
the scanning technique of which 3605 had I > 2σ(I) and were 
used for the structure determination. The structure analy-
ses were carried out with the monoclinic symmetry, space 
group P  21/c, according to the automated search for space 
group available in WinGX [33]. Transition metal [Cd (II)] 
and chlorine atoms were located using the Patterson methods 
with SHELXS-86 program [34]. The oxygen atoms and the 
organic moieties were determined from successive Fourier 
calculations using SHELXL-97. All the hydrogen atoms 
were placed geometrically and refined isotropically. The 

Table 1  Crystal data and structure refinement for  (C10H10N2)  CdCl4 
crystal

a Corrections of Lorentz polarization

Compound (C10H10N2)  CdCl4

Color/shape Incolorless/prismatic
Space group P21/c
Temperature (°C) 25
Cell constants
 a (Å) 7.2942 (1)
 b (Å) 13.9206 (3)
 c (Å) 14.3880 (3)
 β (°) 100.247 (1)

Cell volume (Å3) 1437.65 (5)
Formula units/unit cell 4
Dcalc (g cm−3) 1.905
Diffractomètre/scan Enraf–Nonius Kappa CCD
Radiation, graphite monochromator Mo-Kα (λ = 0.71216 Å)
Max, crystal dimensions (mm) 0.05 × 0.03 × 0.01
μcalc (mm−1) 2.24
Unique reflections 4527
θ range (°) 2.8 ≤ θ ≤ 31.5
Reflections with I > 2σ(I)a 3605
Range of h, k, l ± 10, ± 20, ± 21
F(000) 800
Weight w = 1/[σ 2 (Fo 

2) + (0.0207P)2 + 0.7648P]
where P = (Fo 2 + 2Fc2)/3

R =

∑ ��F�
− F

�

��
� ∑��F�

�� 0.032
Rw 0.065
 Goodness-of-fit on  F2 1.05
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pertinent experimental details of the structure determination 
for the new compound are presented in Table 1. The refine-
ment was carried out by full-matrix least squares method 
(SHELXL-97 program) and converged to an acceptable final 
agreement factor. The last cycle of refinement included the 
atomic coordinates of all the atoms, isotropic thermal and 
anisotropic thermal parameters whose values are listed in 
Tables 2 and 3, respectively. The structural graphics were 
created with ORTEP [35] and with the DIAMOND program 
[36].

2.3.2  Hirshfeld surface

The Hirshfeld surface defined as the volume of space where 
the molecule electron density exceeds that from all neigh-
boring molecules [37, 38] and quantified by means of the 
Crystal Explorer package using the CIF file format [39].

For each point on the iso-surface two different types of 
distances are defined: ‘de’ which is the distance to the near-
est atoms outside and ‘di’ which is the distance to the nearest 
nucleus inside the surface, are readily defined. The normal-
ized contact distance  (dnorm) based on both ‘de’ and ‘di’ was 
given by the following equation:

where rivdw and revdw are the van der Waals radii of the 
atoms.

(1)�
����

=

di − ri
vdw

rivdw
+

de − re
vdw

revdw

Table 2  Atomic coordinates and equivalent thermal factors of agita-
tion Ueq (Å2) and isotropic Uiso (Å2)* in  (C10H10N2)  CdCl4

ATOM x Y Z Ueq/Uiso*

Cd1 0.14856 (2) 0.27734 (12) 0.69882 (13) 0.03617 (6)
Cl1 0.24104 (9) 0.37715 (4) 0.83948 (5) 0.04163 (14)
Cl2 − 0.01560 (10) 0.13145 (5) 0.73417 (5) 0.04973 (17)
Cl3 0.44612 (10) 0.22033 (6) 0.65798 (5) 0.05527 (19)
Cl4 − 0.03258 (14) 0.36636 (6) 0.56974 (7) 0.07967 (3)
N1 0.64547 (3) 0.16974 (14) 0.49441 (14) 0.03375 (4)
N2 0.67610 (3) 0.37726 (13) 0.35586 (14) 0.03687 (4)
C1 0.69714 (4) 0.07858 (17) 0.51184 (19) 0.04292 (6)
C2 0.77243 (4) 0.02787 (18) 0.44659 (2) 0.04630 (6)
C3 0.79901 (3) 0.07330 (19) 0.36509 (2) 0.04433 (6)
C4 0.74482 (3) 0.16814 (17) 0.34868 (18) 0.03717 (5)
C5 0.66373 (3) 0.21571 (15) 0.41455 (16) 0.02893 (4)
C6 0.58650 (3) 0.31399 (15) 0.40199 (15) 0.03045 (5)
C7 0.61456 (4) 0.46688 (18) 0.33621 (19) 0.04858 (7)
C8 0.45463 (4) 0.49721 (18) 0.36443 (19) 0.05026 (7)
C9 0.35773 (4) 0.43481 (18) 0.41130 (18) 0.04427 (6)
C10 0.42452 (3) 0.34191 (16) 0.43047 (17) 0.03553 (5)
H1A 0.59370 (4) 0.20001 (2) 0.53380 (2) 0.04231 (8)*
H2A 0.77744 0.35952 0.33814 0.04425*
H1 0.68190 0.04969 0.56825 0.05150*
H2 0.80520 − 0.03630 0.45707 0.05556*
H3 0.85352 0.04025 0.32085 0.05319*
H4 0.76312 0.19913 0.29380 0.04460*
H7 0.68026 0.50837 0.30351 0.05829*
H8 0.41203 0.55966 0.35190 0.06031*
H9 0.24809 0.45441 0.43017 0.05312*
H10 0.35993 0.29905 0.46233 0.04263*

Table 3  Factors of anisotropic 
thermal agitation of  (C10H10N2) 
 CdCl4

ATOM U11 U22 U33 U23 U13 U12

Cd1 0.03391 (10) 0.03300 (10) 0.04082 (11) − 0.00326 (7) 0.00455 (7) 0.00105 (7)
Cl1 0.04512 (3) 0.03477 (3) 0.04378 (3) − 0.00796 (2) 0.00453 (3) 0.00277 (2)
Cl2 0.04946 (4) 0.03738 (3) 0.06741 (5) − 0.00952 (3) 0.02414 (3) − 0.00741 (3)
Cl3 0.04622 (4) 0.08488 (5) 0.03814 (4) 0.00326 (3) 0.01686 (3) 0.01821 (3)
Cl4 0.08430 (6) 0.05791 (5) 0.07903 (6) 0.00623 (4) − 0.03388 (5) 0.01449 (4)
N1 0.03915 (11) 0.03104 (10) 0.03109 (10) − 0.00033 (8) 0.00635 (9) 0.00142 (8)
N2 0.04428 (11) 0.03278 (10) 0.03451 (10) 0.00170 (8) 0.00961 (9) − 0.00463 (9)
C1 0.04558 (15) 0.03567 (13) 0.04514 (15) 0.00756 (11) 0.00163 (12) 0.00100 (11)
C2 0.04124 (14) 0.03091 (12) 0.06372 (19) − 0.00047 (12) 0.00109 (13) 0.00571 (11)
C3 0.03308 (13) 0.04346 (14) 0.05739 (17) − 0.01288 (12) 0.01062 (12) 0.00531 (11)
C4 0.03398 (12) 0.03944 (13) 0.04078 (14) − 0.00091 (9) 0.01401 (10) − 0.00024 (10)
C5 0.02679 (11) 0.03026 (11) 0.02918 (11) 0.00009 (9) 0.00346 (8) − 0.00249 (8)
C6 0.03617 (12) 0.02728 (10) 0.02622 (11) − 0.00076 (8) 0.00101 (9) − 0.00280 (9)
C7 0.07365 (2) 0.03224 (13) 0.03775 (14) 0.00557 (10) 0.00423 (13) − 0.00843 (13)
C8 0.07348 (2) 0.02938 (12) 0.04253 (15) 0.00023 (11) − 0.00434 (14) 0.00941 (13)
C9 0.05003 (15) 0.03776 (13) 0.04208 (15) − 0.00805 (11) 0.00019 (12) 0.01081 (11)
C10 0.04065 (13) 0.03155 (11) 0.03426 (13) − 0.00134 (9) 0.00636 (10) 0.00204 (10)



5416 Journal of Materials Science: Materials in Electronics (2018) 29:5413–5426

1 3

2.3.3  Powder X-ray diffraction

The powder X-ray diffraction (PXRD) was recorded on a 
Siemens D5000 powder diffractometer, using Cu Kα radia-
tion (1.542 Å) with a 2θ range of 5–60. The simulation of 
the PXRD spectra was carried out by the single-crystal data 
and Oscail (4.6.1) program.

2.3.4  TEM, micrographs and X-ray microanalysis

The TEM micrographs were obtained on a JEOL 2011 trans-
mission electron microscope. Micrographs and X-ray micro-
analysis (SEM/EDX) were recorded with a JEOL- 6610LV 
electron microscope operating at 30 kV coupled with an 
Oxford X-Max microanalysis system (EDX).

2.3.5  Solid-state cross-polarization magic angle spinning 
carbon-13 nuclear magnetic resonance (CP/
MAS-RMN) spectroscopy

The 13C NMR spectra were recorded at room temperature 
by means of a Brucker DSX-300 spectrometer. The spectra 
were acquired with the use of cross-polarization for protons 
with 12 ms contact time. A powdered sample was packed 
in a 4 mm diameter rotor and set to rotate at a speed of up 
to 8 kHz in a Doty MAS probe head. The chemical shifts 
were referenced with respect to dimethyl sulfoxide (DMSO).

2.3.6  Spectroscopic measurements

The Infrared spectrum (IR) were recorded in the range of 
4000–400  cm−1 using PerkinElmer FTIR spectrophotometer 
1000 for samples dispersed in spectroscopically pure KBr 
pressed into a pellet. Moreover, Solid photoluminescence 
spectra were taken using a time-resolved Edimbugh Instru-
ment FLSP920 spectrofluorimeter with a Red-PMT detector 
and a Xenon bulb as an excitation source.

2.3.7  Differential scanning calorimetry and dielectric 
measurements

The DSC measurements were recorded on a NETZSCH 
apparatus (Model 204 Phoenix) with the heating/cooling 
rates at 5 K  min−1. Electrical impedances were measured 
in the range 50 Hz–40 KHz using HP 4192A impedance 
analyzer. Our measurements were done in the 298–440 K 
temperature range.

3  Results and discussion

3.1  Description of the structure

At ambient temperature, the title compound crystallizes 
in the monoclinic space group  P21/c with lattice param-
eters a = 7.29420 (1), b = 13.9206 (3), c = 14.3880 (3) Å, 

Fig. 1  Asymmetric unit of 
 (C10H10N2)  CdCl4
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β = 100.247 (2)°. The unit cell volume is 1437.65 (5) Å3 
with Z = 4 formula units.

Figure 1 illustrates the asymmetric unit of the structure 
drawn with 50% probability thermal ellipsoids, for non-
hydrogen atoms, was found to contain own cations and one 
type of chlorocadmate tetrahedra.

The packing of  (C10H10N2)  CdCl4 viewed along (a, c) plane 
created with DIAMOND (Fig. 2) demonstrates that an alter-
nation of organic–inorganic corrugated layers, is made up of 
 (C10H10N2)2+ groups and isolated  [CdCl4]2− tetrahedron.

The organic group was located in the (a, c) plane at approxi-
mately y = 0 and y = 2/4. Besides, the  [CdCl4]2− anions were 
arranged in parallel layers separated by the  (C10H10N2)2+ cati-
ons. As each Cd atom is surrounded by four Cl atoms, form-
ing a weakly distorted tetrahedral configuration, with Cd–Cl 
distances varying between 2.4201 (8) and 2.4779 (7) Å with 
an average of 2.4507 Å (Table 4). The Cl–Cd–Cl angle values 
were in the 104.69 (2)°–112.10 (3)° range. Taking into account 
the geometrical characteristics of the entities, the calculated 
average of the Baur distortion indices (DI) are [40]:

 

(2)DI (Cd−Cl) =

n1=4∑

i=1

|di − dm|
n1dm

(3)DI (Cl−Cd−Cl) =

n2=6∑

i=1

|ai − am|
n2am

Fig. 2  View of an inorganic–organic sheet in  (C10H10N2)  CdCl4. 
(Color figure online)

Table 4  Comparison between the observed and calculated bond 
length (Å) and bond angles (°) of the title compound

Distances (Å) Angles (°)

Tetrahedron  [CdCl4]2−

 Cd1–Cl4 2.4201 (8) Cd1–Cl1–Cl4 112.10 (3)
 Cd1–Cl1 2.4487 (6) Cd1–Cl2–Cl4 111.26 (3)
 Cd1–Cl2 2.4563 (7) Cd1–Cl3–Cl4 111.33 (3)
 Cd1–Cl3 2.4779 (7) Cd1–Cl2–Cl1 111.76 (2)

Cd1–Cl3–Cl1 104.69 (2)
Cd1–Cl3–Cl2 105.31 (3)

Organic part  (C10H10N2)2+

 N1–C1 1.3348 (3) N1–C5–C1 123.11 (2)
 N1–C5 1.3424 (3) N2–C6–C7 122.82 (2)
 N2–C7 1.3389 (3) C5–C4–N1 118.77 (2)
 N2–C6 1.3408 (3) C5–C6–N1 116.88 (2)
 C1–C2 1.3655 (4) C6–C10–N2 118.85 (2)
 C3–C2 1.3761 (4) C6–C5–N2 117.37 (2)
 C4–C3 1.3863 (3) C1–C2–N1 119.80 (2)
 C5–C4 1.3733 (3) C7–C8–N2 119.75 (2)
 C5–C6 1.4783 (3) C5–C6–C4 124.30 (2)
 C7–C8 1.3683 (4) C6–C5–C10 123.69 (2)
 C9–C8 1.3705 (4) C10–C9–C6 119.54 (2)
 C9–C10 1.3922 (3) C3–C4–C2 120.24 (2)
 C6–C10 1.3737 (3) C8–C9–C7 119.47 (2)
 N1–H1A 0.8470 (3) C2–C3–C1 118.89 (2)
 N2–H2A 0.8600 C4–C3–C5 119.11 (2)
 C1–H1 0.9300 C9–C10–C8 119.55 (3)
 C2–H2 0.9300 N1–H1A–C1 119.46 (19)
 C3–H3 0.9300 N1–H1A–C5 117.36 (19)
 C4–H4 0.9300 N2–H2A–C7 118.59
 C7–H7 0.9300 N2–H2A–C6 118.59
 C8–H8 0.9300 C1–H1–N1 120.10
 C9–H9 0.9300 C7–H7–N2 120.12
 C10–H10 0.9300 C7–H7–C8 120.12

C10–H10–C6 120.23
C10–H10–C9 120.23
C4–H4–C5 120.44
C4–H4–C3 120.44
C1–H1–C2 120.10
C3–H3–C2 119.88
C3–H3–C4 119.88
C9–H9–C8 120.22
C9–H9–C10 120.22
C8–H8–C7 120.26
C8–H8–C9 120.26
C2–H2–C1 120.56
C2–H2–C3 120.56
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 where “d” is the (Cd–Cl) distance, “a” is the (Cl–Cd–Cl) 
angle, m is the average value,  n1 = 4, and  n2 = 6. The values 
of the distortion indices were DI (Cd–Cl) = 0.0016 and DI 
(Cl–Cd–Cl) = 0.0044. Lower values of the distortion indi-
ces indicate that the coordination geometry of the metal is 
slightly distorted octahedral; this can be explained by the 
stereochemical inactivity of the  5s2 lone pair of Cd.

The organic part of the  (C10H10N2)  CdCl4 compound 
was formed by one type of cation, i.e.  (C10H10N2)2+. The 
selected, measured bond lengths and bond angles are 
grouped in Table 4. The organic molecule exhibited a regular 
spatial configuration with normal C–C and C–N distances in 
the range between 1.3348 (3) and 1.4783 (3) Å respectively, 
and C–C–C and C–C–N angles in the range between 116.88 
(2)° and 124.30 (2)°, respectively. These values are in good 
agreement with those observed in similar compounds [41, 
42].

The weak intermolecular hydrogen bonding con-
tacts N–H⋯Cl reported in Table 5 and Fig. 3, provide a 
linkage between the cationic  (C10H10N2)2+ entities, and 
 [CdCl4]2− anions. The N⋯Cl distances varied between 
3.061 Å and 3.088 Å and the N–H–Cl angle values varied 
between 150.66° and 157.27°.

3.2  Hirshfeld surface analysis

Hirshfeld surfaces comprising d norm surface and finger 
print plots were generated and analyzed for the title com-
pound in order to explore the packing modes and intermo-
lecular interactions. The ‘dnorm’, ‘di’, ‘de’, shape index 
and curvedness curves are mapped on Hirshfeld surface for 
visualizing the intermolecular interactions are shown in the 
Fig. 4.

The 2D fingerprint plots of  (C10H10N2)  CdCl4 (Fig. 5), 
which analyses the strong indication for all intermolecular 
contacts, revealed that the main intermolecular interactions 
were contacts.

The fingerprint plots for different atom–atom contacts and 
the percentage contribution of each contact to the Hirshfeld 
surfaces in the title compound showed that the contribution 
to the Hirshfeld surfaces from different contact id different 
(Fig. 6). Globally, H⋯Cl and H⋯H intermolecular interac-
tions were the most abundant in the crystal packing (54.8 
and 13.5%, respectively). This is evidence that van der Waals 
forces exert an important influence on the stabilization of the 
packing in the crystal structure, other interconnects, such as 
C⋯H/H⋯C (11%), Cd⋯H/H⋯Cd (2.1%), C⋯C (0.9%) and 
N⋯H/H⋯N (0.4%), contribute less to the Hirshfeld surfaces.

3.3  Molecular electrostatic potential

The molecular electrostatic potential (MEP) is an impor-
tant property that can be derived from electron density dis-
tribution. MEP is generated using the Avogadro software 
[43], on an asymmetric unit. The MEP is used as reactivity 
map displaying most probable regions for the electrophilic 
attack of charge point-like reagents on hybrid molecules [37, 
44]. The blue and red colors indicate the positive and nega-
tive potentials, respectively. Figure 7 shows that a positive 

Table 5  Main interatomic distances (Å) and bond angles (°) involved 
in hydrogen bonds (e.s.d. are given in parentheses)

a [x + 1, − y + 1/2, z − 1/2]

D–H d (D–H) d (H..A) < DHA d (D..A) A

N2–H2A 0.860 2.310 150.66 3.088 Cl2a

N1–H1A 0.847 2.262 157.27 3.061 Cl3

Fig. 3  Perspective view of 
the  (C10H10N2)  CdCl4 com-
pound (the red lines represent 
hydrogen bonds). (Color figure 
online)
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electrostatic potential is localized over the organic cation 
while the  [CdCl4]2− part is more electronegative.

Based on this result, we can say that there is a global 
electrostatic attraction between the  [CdCl4]2− anion and the 
organic cation which adds up to the favorable H⋯Cl hydro-
gen bonding.

3.4  X‑ray powder diffraction patterns

The XRPD pattern of the  (C10H10N2)  CdCl4 compound 
is shown in Fig. 8. The sample is of single phase with-
out any detectable impurity and narrow peaks indicate 
the good crystallinity of the material. The overlay simu-
lated XRD pattern using single crystal XRD data closely 

resembles the experimental pattern. Most of the peak 
positions in powder XRD and simulated pattern from 
single crystal XRD coincide.

3.5  Particle size and morphology measurements 
(TEM, SEM and EDXS)

The surface morphology of the grown crystal of  (C10H10N2) 
 CdCl4 was taken at 180x and 550x magnifications with an 
acceleration voltage of 3–4 kV by means of scanning elec-
tron microscope (SEM). As can be seen from this figure, 
the compound consists of an assembly of crystal fragments 
having uniform distribution and a flat surface which indi-
cates good crystal quality (Fig. 9a, b). Also, the size and 

Fig. 4  Hirshfeld surface analysis of  (C10H10N2)  CdCl4 a  dnorm, b  de, c  di, d shape-index and e curvedness
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morphology of the crystals are determined by analyzing the 
recorded TEM images. Figure 9c highlights the transmis-
sion electron microscope (TEM) image of the sample. The 
crystals are made up of uniform distribution of morphology 
with sizes are in good argument with those obtained from 
the SEM data.

However, the EDX spectrum of the title compound 
revealed the presence of all non-hydrogen atoms: Cadmium, 
Chloride, Carbon, Nitrogen and Oxygen. Element analyses 
for the observed atoms were C: 16.2%, N: 8.1%, Cd: 33.2%, 
Cl: 35.6% and O: 6.9% while, the calculated values were C: 

15.34%, N: 8.94%, Cd: 35.92%, Cl: 33.89% and O: 5.11% 
(Fig. 9d).

3.6  Infrared spectroscopy

In order to give more information on the crystal structure, 
we have studied the vibrational properties using infrared 
absorption. The infrared spectrum recorded at room tem-
perature is shown in Fig. 10. Based on some studies carried 
out for previous works and reported on similar compounds 

Fig. 5  Fingerprint plots of major contacts in  (C10H10N2)  CdCl4
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containing the same cations [45–50], we propose an attempt 
of assignment of the observed bands (Table 6).

The high-frequency bands at 3041 and 2932 cm−1 assign-
able to  (NH+) stretching modes while that of deformation 
around 1591  cm−1. The two broadest and most intense 
bands at 2891 and 2763 cm−1 are attributed respectively 
to asymmetrical and symmetrical vibrations of the (CH) 
group, whereas those towards 1537 cm−1 correspond to the 
vibration δ (C–H). An intense peak around 1441 and 1388 
 cm−1 favors the ν (C=C) vibration of the aromatic nucleus. 
The vibrations ν (C–C) and ν (C–N) appear around 1282, 

1250 cm−1 and around 1154 and 1036 cm−1 respectively. 
The fine peaks observed in the region 930–771cm−1 com-
bine the deformation modes δ (C–C–N) and δ (C–N–C). 
Finally, the two lines corresponding to τ (C–C) and β (C–N) 
are shown around 620 and 482 cm−1 respectively.

3.7  Solid state NMR spectroscopy

The 13C CP-MAS NMR spectrum of tetrachlorocadmate 
(II) 2.2′-bipyridinium recorded between 10 and 165 ppm, 
reported in Fig. 11, is in good agreement with the X-ray 
structure. Indeed, it exhibited four well-defined reso-
nance signals corresponding to the ten different carbon 

Fig. 6  The relative contribu-
tions to the Hirshfeld surface 
area for  (C10H10N2)  CdCl4
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Fig. 7  Electrostatic potential (red: negative potential, blue: positive 
potential). (Color figure online)

Fig. 8  Simulated and experimental XRD of  (C10H10N2)  CdCl4. 
(Color figure online)
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Fig. 9  SEM images (a, b), TEM (c) and a typical EDX spectrum (d) of  (C10H10N2)  CdCl4

Fig. 10  FT-IR spectra of 
 (C10H10N2)  CdCl4
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environments. This shows the existence of only one organic 
cation in the asymmetric unit of the compound.

The chemical shifts are reported in Table 7, the highest 
frequency of chemical shift which are observed at 152.62 
and 149.82 ppm, can be explained by the fact the four carbon 
atoms C(5)/C(6) and C(1)/C(7) of the bipyridinium ring is 
linked to the electronegative atoms N1 and N2. The iso-
tropic shift at about 139.59, 125.81 and 122.01 ppm can 
be assigned to the carbon atoms away from any interaction.

These results agree with the crystal data, while the peaks 
at 40 ppm correspond to the presence of dimethyl sulfoxide 
(DMSO).

3.8  Photoluminescent properties

The luminescent coordination hybrid compound is of great 
current interest because of their various applications in 
chemical sensors, photochemistry, and electroluminescent 
display [51]. The luminescent properties of chloride cad-
mium complexes have been investigated [52, 53]. The title 
compound exhibits own emission band at 420 nm upon 
excitation at 320 nm. This emission band may be assigned 
to the photoluminescence emission of Cd(II) ion. In the 
cadmate chloride based hybrid, the lowest exciton state 
arises from excitation between the Valence Band (VB), 
which consists of a mixture of Cd (4d) and Cl (3p) states, 
and the Conduction Band (CB) which derives primarily 
from Cd (5s) states. Under excitation of 320 nm irradia-
tion, an electron (−) is excited from the VB to the CB, 
leaving a hole (+) in the VB. The exciton (−) and the hole 
(+) move freely in the CB and VB, forming an exciton, 

Table 6  Observed vibration frequencies  (cm−1) and band assignments 
for  (C10H10N2)  CdCl4

ν stretching, νas asym stretching, νs sym stretching, β in plane bend-
ing, δ scissoring

Modes de vibrations IR  (cm−1)

νas (NH) 3041
νas (NH) 2932
νas (C–H) 2891
vs (C–H) 2763
δ (NH) 1591
δ (CH) 1537
ʋ (C=C) 1441, 1388
v (C–C) 1282, 1250
υ (NC) 1154, 1036
δ (C–C–N) et δ (C–N–C) 930–771
τ (CC) 620
β (C–N) 482

Fig. 11  13C CP-MAS NMR 
spectrum of  (C10H10N2)  CdCl4

Table 7  The chemical shifts of the carbons atoms in the 13C NMR 
spectrum of  (C10H10N2)  CdCl4

Peaks C5/C6 C1/C7 C4/C10 C2/C8 C3/C9

δiso (ppm) 152.62 149.82 139.59 125.81 122.01
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the recombination of the electron and hole in the exciton 
yields a blue emission at 420 nm (Fig. 12).

3.9  Differential scanning calorimetry

The result of the calorimetric study of this compound 
(Fig. 13) reveals two distinct endothermic peaks detected 
at 420 and 512 K. The first peak denotes a phase transi-
tion at 420 K whereas the second peak corresponds to the 
decomposition of the product below the melting point.

This transition may be interpreted by a dynamical order 
disorder which involve the structural modification of both 
anion and cation groups. Then, to approve our point of 
view and to gain more information on the nature of this 
transition, we have undertaken a dielectric study at several 

temperatures between 298 and 440 K in the frequency 
range of 50 Hz–40 KHz.

3.10  Dielectric study

The complex permittivity formalism may be the useful tool 
in the determination of the electrical and dielectric proper-
ties, and it is expressed as:

where ɛ′ and ɛ″ are the real and imaginary parts of the die-
lectric constant, respectively.

The temperature dependence of the real part ɛ′ and the 
imaginary part ɛ″ of the permittivity are given in Fig. 14a, 
b. These products are plotted at selected frequencies 
respectively.

From the qualitative analysis, we can observe at low tem-
peratures that the permittivity reaches a constant value. This 
may be explained by the restricted reorientation motions of 

(4)�
∗

(w) = �
�

− j���

Fig. 12  Excitation and Emission fluorescence profile of  (C10H10N2) 
 CdCl4. (Color figure online)

Fig. 13  Differential scanning calorimetry curve of  (C10H10N2)  CdCl4
Fig. 14  Temperature dependence of the real part ɛ′ (a) and ɛ″ (b) of 
the complex permittivity at several frequencies. (Color figure online)
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the cation with respect to the direction of the applied elec-
tric field, acquiring a weak contribution to the polarization. 
By increasing the temperature, at 420 K an anomaly above 
this transition can be detected. This behavior confirms the 
results detected by DSC method. As the temperature rises 
(T > 420 K), the variation of ɛ′ and ɛ″ increases and shows 
a strong dispersion. This behavior is attributed to the disor-
der increase in the  (C10H10N2)  CdCl4 compound. The cor-
responding induced disorder weakens the Van Der Waals 
forces and the electrostatic interaction. For this reason, the 
charge carriers can orient themselves with respect to the 
direction of applied electric field [54].

4  Conclusion

In summary, we have synthesized a new organic–inorganic 
hybrid material  (C10H10N2)  CdCl4. The formula unit of the 
compound is formed by a tetrahedral  [CdCl4]2− entities and 
an organic diprotonated cation  (C10H10N2)2+. The material 
cohesion of the compound is assured by hydrogen bonds 
(N–H⋯Cl) established between anions and cations. The 
Hirschfield surface analysis reveals the percentage of inter-
molecular contacts of the title compound. The powder XRD 
is in agreement with the simulated pattern obtained from 
the crystal structure. The assignment of the vibration modes 
frequencies of homologous compounds. The 13C CP-MAS 
NMR spectrum is in agreement with X-ray structure. Moreo-
ver, we found a strong blue fluorescence property at room 
temperature which can be associated with radiative recom-
bination of strongly bond excitons in  [CdCl4]2−. Finally, the 
result of the calorimetric study and dielectric measurements 
reveals a phase transition at 420 K.

5  Supporting information available

Crystallographic data for the structural analysis have been 
deposited with the Cambridge Crystallographic data Center, 
CCDC 1525108 for the complex. Copies of the data can be 
obtained free of charge at http://www.ccdc.cam.ac.uk/conts/
retrieving.html.
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